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(54) Coriolis mass flow rate meter 

(57) A flow meter apparatus for measuring attributes 
of a fluid using the Coriolis principle is disclosed. The 
apparatus comprises: (A) a body (1) capable of being 
inserted into and surrounded by the fluid, (B) an actuator 
(5,6), disposed within the body (1), for vibrating a sur- 
face of the body in a radial mode of vibration, the vibrat- 
ing surface developing Coriolis forces within the fluid 
(28), (C) a detector (9,10), coupled to the surface, for 



measuring motion of the surface, the motion being a 
function of Coriolis forces developed in the fluid and (D) 
a circuit, coupled to the measuring detector, for deter- 
mining an attribute of the fluid as a function of the motion 
of the surface. In a preferred embodiment of the inven- 
tion, a conduit surrounds the apparatus and is coupled 
to the detector. The apparatus allows precise detection 
of mass flow rate, pressure, density and viscosity of the 
fluid surrounding the apparatus. 
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Description 

CROSS REFERENCE TO RELATED APPLICATIONS 

This is a continuation-in-part of Serial No. 
07/843,519, filed on May 8, 1992, and entitled "Im- 
proved Coriolis Mass Flow Meter," a continuation-in- 
part of Serial No. 07/651 ,301 , filed on February 5, 1 991 , 
and entitled "Single Path Radial Mode Coriolis Mass 
Flow Meter," both of which are commonly assigned with 
the present invention and are incorporated herein by ref- 
erence. 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to Coriolis mass flow rate me- 
ters and, in particular, to Coriolis mass flow rate meters 
that are insertable in a single straight flow conduit to 
measure mass flow rate. 

BACKGROUND OF THE INVENTION 

In the art of Coriolis mass flow rate meters it is well 
known that a vibrating flow conduit carrying mass flow 
causes Coriolis forces which deflect the flow conduit 
away from its normal vibration path proportionally relat- 
ed to mass flow rate. These deflections or their effects 
can then be measured as an accurate indication of mass 
flow rate. 

This effect was first made commercially successful 
by Micro Motion Inc. of Boulder Colorado. Early designs 
employed a single vibrating U-shaped flow conduit 
which was cantilever mounted from a base. With nothing 
to counter-balance the vibration of the flow conduit, the 
design was highly sensitive to mounting conditions and 
so was redesigned to employ another mounted vibrating 
arrangement which acted as a counter-balance for the 
flow conduit similar to that disclosed in their U.S. Patent 
Nos. RE-31,450 and 4,422,338 to Smith. Problems oc- 
curred however since changes in the specific gravity of 
the process-fluid were not matched by changes on the 
counter-balance, an unbalanced condition could result 
causing errors. Significant improvement was later made 
by replacing the counter-balance arrangement by an- 
other U-shaped flow conduit identical to the first and 
splitting the flow into parallel paths, flowing through both 
conduits simultaneously. This parallel path Coriolis 
mass flow rate meter (U.S. Patent No. 4,491,025 to 
Smith et al.) solves this balance problem and has thus 
become the premier method of mass flow measurement 
in industry today. 

Many other flow conduit geometries have been in- 
vented which offer various performance enhancements 
or alternatives. Examples of different flow conduit ge- 
ometries are the dual S-tubes of U.S. Patent Nos. 
4,798,091 and 4,776,220 to Lew, the omega shaped 
tubes of U.S. Patent No. 4,852,41 0 to Corwon et al., the 
B-shapes tubes of U.S. Patent No. 4,891,991 to Mattar 



et al., the helically wound flow conduits of U.S. Patent 
No. 4,756,198 to Levien, figure-6 shaped flow conduits 
of U.S. Patent No. 4,716,771 to Kane, the dual straight 
tubes of U.S. Patent No. 4,680,974 to Simonsen et al. 

s and others. All of these geometries employ the basic 
concept of two parallel flow conduits vibrating in oppo- 
sition to one another to create a balanced resonant vi- 
brating system. 
• Although the parallel path Coriolis mass flow rate 

io meter has been a tremendous commercial success, 
several problems remain. Most of these problems are a 
consequence of using flow splitters and two parallel flow 
conduits in order to maintain a balanced resonant sys- 
tem. In addition, most designs employ flow conduits that 

is are curved into various shapes as previously described 
to enhance the sensitivity of the device to mass flow 
rate. These two common design features cause a 
number of problems which preclude the use of Coriolis 
technology in many applications that would benefit from 

20 its use. 

Among the problems caused by the flow splitters 
and curved flow conduits are: (1) excessive fluid pres- 
sure-drop caused by turbulence and drag forces as the 
fluid passes through the flow splitters and curves of the 

25 device, (2) difficulty in lining or plating the inner surface 
of geometries having flow splitters and curved flow con- 
duits, with corrosive resistant materials, (3) inability to 
meet food and pharmaceutical industry sanitary require- 
ments such as polished surface finish, non-plugable, 

30 self -draining, and visually inspectable, (4) difficulty in 
designing a case to surround dual curved flow conduits 
which can contain high rated pressures, (5) difficulty in 
designing flow meters for 6" diameter and larger pipe- 
lines and (6) difficulty in reducing the cost of current de- 

35 signs due to the added value of flow splitters, dual flow 
conduits and curved flow conduit fabrication. 

It is therefore recognized that a Coriolis mass flow 
rate meter employing a single straight flow conduit 
would be a tremendous advancement in the art. 

40 Serial No. 07/651,301, filed on February 5, 1991, 
and entitled "Single Path Radial Mode Coriolis Mass 
Flow Meter," is directed to a meter employing a single 
straight flow conduit designed to be vibrated in a radial 
mode to thereby provide a means by which to measure 

45 mass flow rate of fluids within the conduit Serial No. 
07/843,51 9, filed on May 8, 1992, entitled "Improved Co- 
riolis Mass Flow Meter" and a continuation-in-part of Se- 
rial No. 07/651 ,301 is directed, inter alia, to a mass flow 
meter capable of measuring pressure and viscosity of 

50 the fluid within the conduit and to an alternative con- 
struction of a mass flow meter employing a vibrating sur- 
face on an otherwise rigid conduit to measure mass flow 
and other fluid attributes. 

What is still needed in the art is a torpedo-type de- 

55 vice that is insertable into a conduit to allow measure- 
ment of mass flow and other attributes of a fluid within 
the conduit. 
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SUMMARY OF THE INVENTION 

According to the object of the present invention, an 
apparatus for measuring attributes of a fluid taking ad- 
vantage of the Coriolis principle is provided. The appa- 
ratus comprises: (1 ) a body capable of being inserted 
into and surrounded by the fluid, (2) means (in a pre- 
ferred embodiment, an actuator), disposed within the 
body, for vibrating a surface of the body in a radial mode 
of vibration, the vibrating surface developing Coriolis 
forces within the fluid, (3) means (in a preferred embod- 
iment, a detector), coupled to the surface, for measuring 
motion of the surface, the motion being a function of Co- 
riolis forces developed in the fluid and (4) means (in a 
preferred embodiment, a circuit), coupled to the meas- 
uring means, for determining an attribute of the fluid as 
a function of the motion of the surface. 

A further object of the present invention is to provide 
an apparatus wherein the vibrating means vibrates the 
surface in two radial modes of vibration. 

At urther object of the present invention is to provide 
an apparatus wherein the measuring means measures 
a change in phase of the motion of the surface. 

A further object of the present invention is to provide 
an apparatus wherein the measuring means measures 
a change in amplitude of the motion of the surface. 

A further object of the present invention is to provide 
an apparatus wherein the body is elongated and the fluid 
flows along a longitudinal axis of the body. 

A further object of the present invention is to provide 
an apparatus wherein the body is elongated and the fluid 
flows along a transverse axis of the body. 

A further object of the present invention is to provide 
an apparatus wherein the apparatus is disposed within 
a conduit, the fluid is capable of being disposed between 
the apparatus and the conduit and the means for meas- 
uring is coupled to the conduit. 

A further object of the present invention is to provide 
an apparatus further comprising means for vibrating the 
conduit. 

A further object of the present invention is to provide 
an apparatus further comprising means for sensing a 
change in motion of the conduit. 

A further object of the present invention is to provide 
an apparatus wherein the attribute is any one or more 
of the following attributes: a mass flow rate, a pressure, 
a density and a viscosity of the fluid. Throughout the fol- 
lowing discussion, reference is made to a meter for 
measuring mass flow. Those ordinarily skilled in the art 
should understand that pressure, density, viscosity or 
other attributes of the fluid are readily ascertainable by 
the same structure and function and that ascertainment 
of these other attributes is within the scope of the 
present invention. 

The apparatus herein uses a single straight flow 
conduit and a unique vibration method, thereby elimi- 
nating the problems caused by flow splitters and curved 
flow conduits while retaining the current advantages of 



balance and symmetry. 

The basic operation of a commercially available Co- 
riolis mass flow rate meter according to current art will 
now be described. Normally two process-fluid filled flow 
s conduits are employed in a parallel-path or serial-path 
configuration. The two flow conduits form a balanced 
resonant system and as such are forced to vibrate in a 
prescribed oscillatory bending-mode of vibration. If the 
process-fluid is flowing, the combination of fluid motion 

to and conduit vibration causes Coriolis forces which de- 
flect the conduits away from their normal (no flow) paths 
of vibration proportionally related to mass flow rate. 
These deflections, or their effects, are then measured 
as an accurate indication of mass flow rate. 

15 As previously described, only one flow conduit is 
necessary for measuring mass flow rate in this manner. 
However, to achieve the superior performance afforded 
by a balanced resonant system, it is necessary to coun- 
ter-balance the reaction forces from the forced vibration, 

20 thus a second flow conduit is normally employed. For 
very small meter designs the mass and stiffness prop- 
erties of the mounting conditions can be sufficiently 
great to counteract the reaction forces from the forced 
vibration thereby allowing the use of only one flow con- 

25 duit. Accordingly, Micro Motion Inc. presently offers only 
their two smallest flow meters, the model D6 (1/16" line 
size) and the model D12 (1/8" line size) in a single 
curved flow conduit configuration. 

A single straight flow conduit while solving the 

^0 aforementioned problems caused by flow splitters and 
curved conduits, has therefore not been commercially 
successful in Coriolis mass flow rate meter designs, es- 
pecially for large flow conduits. This failure is due to the 
inherent imbalance of a single straight flow conduit in 

35 any natural bending-modes of vibration. A straight flow 
conduit fixedly mounted at both ends has a number of 
natural bending-modes of vibration wherein the center- 
line of the conduit deflects or rotates away from its rest 
position in a number of half sine-shaped waves along 

40 the length of the conduit. Higher frequency bending- 
modes involve increasing numbers of these half sine- 
shaped waves in integer multiples. Each of these bend- 
ing-modes causes reaction forces applied to the conduit 
mounts creating balance and accuracy problems anal- 

45 ogous to the single curved flow conduit models previ- 
ously described. A single straight tube design of this na- 
ture is disclosed in U.S. Patent No. 4,823,614 to Dahlin, 
in which the flow tube cross-section is permanently de- 
formed in several locations as shown in its FIGURES 

so 2A-2D to enhance its bending in a "higher-mode" such 
as its FIGURE 3B. The higher modes of vibration as 
shown in the Dahlin patent FIGURES 3A-3E all show the 
flow conduit bending away from a straight line at its ends 
which will cause reaction torques and forces at the 

55 mounts. These reactions are not counter-balanced and 
thus can create reaction forces as previously described. 
Dahlin states that this embodiment can be used in "av- 
erage" sized pipes with average being defined as 1/2 to 
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3/4 inch inside diameter. Although the reason for this 
size restriction is not explained, it is probably a conse- 
quence of imbalance from using a bending-mode of vi- 
bration with no counterbalance apparatus. 

The unique advantages of the present invention ac- 
crue from the use of a single straight flow conduit in a 
radial-mode of vibration instead of a bending-mode as 
is currently used in the art. For clarity, the term 'bending- 
mode" is defined as a vibration mode wherein the cent- 
er-line or axis of the flow conduit translates and/or ro- 
tates away from its rest position in an oscillatory manner 
while the cross-sectional shape of the flow conduit re- 
mains essentially unchanged. By contrast, the term "ra- 
dial-mode" is defined as a vibration mode wherein the 
center-line or axis of the flow conduit remains essentially 
unchanged while ail or a part of the wall of the flow con- 
duit translates and/or rotates away from Its rest position 
in an oscillatory manner. Common examples of radial- 
modes of vibration are the natural vibration of a bell or 
wine glass. In these two examples the fundamental ra- 
dial-mode of vibration causes the normally round cross- 
sectional shape of the free end of the bell or wine glass 
to deflect into an oscillating elliptical shape. Since the 
center-line or axis of this radial-mode stays essentially 
unchanged, the stem (in the wine glass example) can 
be held without feeling or interfering with the vibration, 
exemplifying the absence of reaction forces at the 
mount. Applying this idea to the flow conduit of a Coriolis 
mass flow rate meter, a single straight flow conduit is 
employed, fixedly attached at both ends, and vibrated 
in a radial-mode of vibration where the wall of the flow 
conduit translates and/or rotates away from its rest po- 
sition in an oscillatory manner, and the center-line of the 
flow conduit remains essentially unchanged. The com- 
bination of fluid motion and radial-mode vibration caus- 
es a Coriolis force distribution along the moving wall of 
the flow conduit which alters the cross-sectional shape 
of the conduit as a function of mass flow rate. This al- 
tered shape or its effects, are then measured as an ac- 
curate indication of mass flow rate. Since this radial 
mode of vibration causes substantially no net reaction 
forces where the conduits are mounted, a balanced res- 
onant system Coriolis mass flow rate meter is thereby 
created with no flow splitters, curved flow conduits, or 
counter-balance devices. 

In addition, a unique non-intrusive method is em- 
ployed to determine the pressure and the density of the 
fluid inside the flow conduit by simultaneously vibrating 
the flow conduit in two modes of vibration. The values 
of the frequencies of the two modes of vibration are func- 
tionally related to both the fluid density and the pressure 
difference between the inside and the outside of the flow 
conduit. 

Due to the unique operation of the invention, and its 
ability to directly measure mass flow rate, fluid density, 
temperature and pressure, virtually any defined static or 
dynamic fluid parameter can be calculated such as fluid 
state, viscosity, quality, compressibility, energy flow 
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rate, net flow rate, etc. 

As an alternate to using a radial-mode of vibration 
involving the entire wall of the flow conduit as previously 
described, a portion of the flow conduit perimeter can 
s be vibrated as necessary to generate Coriolis forces. 
This method is well suited for use in flow conduits of very 
large size and non-circular shapes where vibration of 
the entire conduit is not practical. This method is also 
well suited to flow conduits formed into bulk materials 
io thus having several rigid sides incapable of entire-pe- 
rimeter radial mode vibration, such as a flow conduit 
etched into silicon or quartz to form a micro flow meter. 

The present invention solves the previously men- 
tioned problems caused by flow splitters, curved flow 
15 conduits and imbalance and allows Coriolis mass flow 
meter technology to be used in areas such as sanitary 
applications, gas flow, air flow meters for weather sta- 
tions, airplanes, low pressure air-duct systems, micro 
flowmeters, liquid flow meters for residential, industrial, 
oceanographic and shipboard use, and many more. 

A preferred embodiment of the present invention is 
a system for processing fluids comprising: (1 ) an appa- 
ratus for measuring an attribute of a fluid in a flow con- 
duit comprising: (la) an elongated body capable of being 
inserted into and surrounded by the fluid, (1b) means, 
disposed within the body, for vibrating a surface of the 
body in a radial mode of vibration, the vibrating surface 
developing Coriolis forces within the fluid, (1c) means, 
coupled to the surface, for measuring motion of the sur- 
face, the motion being a function of Coriolis forces de- 
veloped in the fluid and (1d) means, coupled to the 
measuring means, for determining an attribute of the flu- 
id as a function of the motion of the surface, (2) a conduit 
surrounding the apparatus, the fluid capable of being 
disposed between the apparatus and the conduit and 
the means for measuring coupled to the conduit and (3) 
means for vibrating the conduit to thereby albw the sys- 
tem to measure the attribute, the attribute being select- 
ed from the group consisting of: (3a) mass flow rate, (3b) 
pressure, (3c) density and (3d) viscosity of the fluid. 

The foregoing has outlined rather broadly the fea- 
tures and technical advantages of the present invention 
in order that the detailed description of the invention that 
follows may be better understood. Additional features 
and advantages of the invention will be described here- 
inafter which form the subject of the claims of the inven- 
tion. Those skilled in the art should appreciate that the 
conception and the specific embodiment disclosed may 
be readily utilized as a basis for modifying or designing 
other structures for carrying out the same purposes of 
the present invention. Those skilled in the art should al- 
so realize that such equivalent constructions do not de- 
part from the spirit and scope of the invention as set forth 
in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present 
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invention, and the advantages thereof, reference is now 
made to the following descriptions taken in conjunction 
with the accompanying drawings, in which: 

FIGURE 1 is a preferred embodiment which can be 

used as an insertion type device; 

FIGURE 2 is a cross sectional view of a flow tube 

showing the flow tube at its peak deflection in the Y 

direction; 

FIGURE 3 is a cross sectional view of a flow tube 
showing the flow tube as it passes through its nor- 
mally undeflected position 

FIGURE 4 is a cross sectional view of a flow tube 
showing the flow tube at its peak deflection in the X 
direction; 

FIGURE 5 is a cross sectional view of a flow tube 
showing the distribution of Coriolis forces around 
the outside of the flow tube; 
FIGURE 6 is a cross sectional view of a flow tube 
showing the deflection that would result from the 
distribution of Coriolis forces shown in FIGURE 5; 
FIGURE 7 is a cross sectional view of a flow tube 
showing the deflection that would result from the 
distribution of Coriolis forces shown in FIGURE 5; 
FIGURE 8 is a cross sectional view of an alternate 
embodiment of the device; 
FIGURE 9 is an axial view of the embodiment of 
FIGURE 8; 

FIGURE 1 0 is a cross sectional view of the embod- 
iment of FIGURE 8; 

FIGURE 11 is a drawing of the velocity profile and 
rotational velocity distribution for a flow tube oper- 
ating in a bending mode of vibration; 
FIGURE 12 is a drawing of the velocity profile and 
rotational velocity distribution for a flow tube oper- 
ating in a radial mode of vibration; 
FIGURE 13 is a drawing of two possible velocity 
profiles of fluid flowing in a tube; 
FIGURE 1 4 is a drawing of two possible angular ro- 
tation distributions of fluid flowing in a tube, caused 
by two different radial modes of vibration; 
FIGURE 15 is a drawing of four different Coriolis 
force distributions that could result from the combi- 
nation of velocity profiles and angular rotations 
shown in FIGURES 13 and 14; 
FIGURE 16 is the embodiment of FIGURE 1 mount- 
ed within a pipe; 

FIGURE 17 is an embodiment including a stationary 
flow conditioner; 

FIGURE 18 is the embodiment of FIGURE 17 in- 
cluding a dynamic flow conditioner; 
FIGURE 19 is the embodiment of FIGURE 16 in- 
cluding a pressure tight case and an active outer 
pipe; and 

FIGURE 20 is an axial view of the embodiment of 
FIGURE 19. 



DETAILED DESCRIPTION OF THE INVENTION 

Fl G URE 1 is an embodiment of a Coriolis mass flow 
meter. The principle advantage of the embodiment of 
5 FIGURE 1 derives from the arrangement of a radially 
vibrating, axially symmetric closed surface 185 which is 
disposed in flowing fluid 1 79 such that the flow is parallel 
with the axis of surface 185, and flows over the outside 
of said surface. In this arrangement increasing fluid 
pressure surrounding the outside of surface 185 puts 
compressive stresses onto surface 1 85 which in turn in- 
creases the devices sensitivity to flow rate as pressure 
increases. This phenomenon is reversed from that of 
other embodiments with fluid flowing inside of a flow 
conduit. In addition, the change in the natural frequency 
as a function of pressure is also reversed in this arrange- 
ment since increasing exterior pressure around surface 
185 will in turn cause a decrease in the natural frequen- 
cy of the driven radial vibration. This effect can be ad- 
vantageously applied for determination of pressure and 
density. Embodiments previously described with fluid 
flowing inside of a flow conduit, present the designer 
with a tradeoff between sensitivity and pressure rating 
since higher internal pressures will require thicker tube 
walls and will induce higher tensile stresses both of 
which reduce the sensitivity of the device to measuring 
flow rate. Using the embodiment of FIGURE 1 , this phe- 
nomenon is reversed allowing the designer to advanta- 
geously design a device which actually improves its sen- 
sitivity to flow rate and pressure measurement as fluid 
pressure increases. 

Surface 185 is preferably a cylindrical surface such 
as a tube or pipe made of a strong flexible material such 
as stainless steel, titanium, quartz, etc., although non- 
circular cross sectional shapes are also anticipated. The 
inside of surface 1 85 is instrumented with magnets while 
mounting bracket 188 is instrumented with coils forming 
magnet/coil pairs 190 through 195 which can excite or 
sense vibrations in surface 1 85 as previously described 
for other embodiments. Mounting bracket 188 can be 
attached at one or both of its ends to end caps 1 89 and/ 
or 186, where attachment at only one end, or attachment 
through a flexible or slip type joint (bellows) eliminates 
any stresses along surface 1 85 due to any temperature 
difference between surface 185 and bracket 188. Sur- 
face 185 is rigidly mounted at its ends to end caps 189 
and 186 which can be aerodynamically or hydrodynam- 
ically designed to enhance flow characteristics. Temper- 
ature sensor 1 97 is mounted in association with end cap 
189 to monitor the temperature of flowing fluid 179, or 
can be mounted directly on surface 185 to monitor its 
temperature for compensation of elastic modulus 
changes. Signal carrier 196 conveys electrical signals 
between temperature sensor 1 97, magnet/coil pairs 1 90 
through 195, and the signal processing electronics (not 
shown). Bracket 187 is used to mount the device and to 
protect signal carrier 1 96. 

The annular space between mounting bracket 188 
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and surface 185 is preferably evacuated to a vacuum, 
or filled with a known amount of gas such as argon or 
nitrogen. There are two main methods of operation of 
the embodiment of FIGURE 1 which differ from each 
other depending on the chosen type of signal process- 
ing. Each signal processing technique has its own ad- 
vantages thereby allowing the designer to choose the 
appropriate one based on specific design requirements. 

The first method described employees a phase or 
time measurement technique for signal processing. In 
this method, magnet/coil pairs 190 and 191 would be 
electrically excited to produce at least one and prefera- 
bly two radial modes of vibration on surface 185. With 
flowing fluid 179 going over the outside of surface 185, 
a Coriolis force distribution would result as surface 185 
passes through its normally circular cross sectional 
shape. Magnet/coil pairs 194 and 195 would then sense 
a change in the vibratory motion of surface 185 said 
change being a shift in its time or phase relationship to 
the motion sensed by Magnet/coil pairs 192 and 193. 
Means for measuring the time or phase relationship 
change (not shown) between these two motions would 
then be employed to create a signal proportional to the 
rate of flowing fluid 179, functionally related to this time 
or phase relationship. Surface 185 can be excited in 
multiple modes of vibration and the changes in frequen- 
cies evaluated to thereby determine the density and the 
pressure of flowing fluid 179. In addition, as previously 
described for other embodiments, the power required to 
maintain the vibration of surface 1 85 is a function of the 
viscosity of flowing fluid 179. Therefore by measuring 
this power, a signal can be created proportional to fluid 
viscosity which can be used by the customer. 

The second method of operation of the embodiment 
of FIGURE 1 involves the use of an amplitude measure- 
ment technique for signal processing. In this method, 
magnet/coil pairs 190 and 191 would be electrically ex- 
cited as previously described to produce at least one 
and preferably two radial modes of vibration on surface 
185. With flowing fluid 179 going over the outside of sur- 
face 1 85, a Coriolis force distribution would result as sur- 
face 185 passes through its normally circular cross sec- 
tional shape. The resulting deflection of surface 185 
from this Coriolis force distribution results in a change 
in the amplitude of the motion sensed by the upstream 
magnet/coil pairs 1 94, 1 95 versus the downstream mag- 
net/coil pairs 192, 193. Since the phase of the motion 
sensed by magnet/coil pairs 194, 195 and 192, 193 is 
directly in phase for the driven motion, and directly out 
of phase for the flow induced motion, by subtracting the 
signals sensed by the upstream magnet/coil pairs 194, 
195 from those of the downstream magnet/coil pairs 
192, 193, the resultant detected driven motion will be 
canceled out leaving a signal that is 2 times the Coriolis 
induced motion, which is proportional to flow rate. This 
change in the amplitude measurement technique has 
several unique advantages over a change in the phase 
measurement techniques including designs using high- 



erf requencies of vibration since higherfrequencies gen- 
erate larger signals in the magnet coil pickoffs, and in 
general customers of this technology prefer shorter tube 
designs which will cause higher frequencies. In addition, 

s by increasing the amplitude of the driven motion, more 
Coriolis induced deflection is generated allowing for 
larger amplitude signals to be measured. By contrast, 
increasing the driven amplitude has no effect on the 
amount of phase or time delay generated by a given de- 

10 sign. In addition, for certain driven modes of vibration 
there will be places on the tube where phase is invariant 
with flow rate thereby requiring the use of an amplitude 
type measurement technique to extract the flow rate in- 
formation. For example, a mode shape can be excited 

is and used as the driven radial mode on surface 185 of 
FIGURE 1 by electrically exciting magnet/coil pairs 194, 
195and 192, 193 in the appropriate phases. Inthiscase 
the center of the tube (magnet/coil pairs 190 and 191) 
would not translate during this driven vibration and no 

20 fluid flow. With increasing flowing fluid 179, a Coriolis 
force distribution will result causing deflections at the 
center of the tube proportional to flow rate, which will be 
sensed by magnet/coil pairs 190 and 191. These in- 
duced signals will be either 0° or 180° phase relation- 
's ship depending on the direction of flowing fluid 1 79, and 
will not appreciably phase shift with changes in the mag- 
nitude of the flow rate. As previously described for other 
embodiments, surface 185 can be excited in multiple 
modes of vibration and the changes in frequencies eval- 

30 uated to thereby determine the density and the pressure 
of flowing fluid 179. In addition, as previously described 
for other embodiments, the power required to maintain 
the vibration of surface 1 85 is a function of the viscosity 
of flowing fluid 1 79. Therefore by measuring this power, 

35 a signal can be created proportional to fluid viscosity 
which can be used by the customer. 

As an alternate method, surface 185 can be driven 
in a radial mode of vibration as just described by elec- 
trically exciting magnet/coil pairs 1 94, 1 95 and 1 92, 1 93 

40 in the appropriate phases resulting in a driven mode 
shape. In this case, dual windings are employed on the 
coils of magnet/coil pairs 194, 195 and 192, 193, with 
one winding being used for driving the motion, and the 
other winding being used for sensing the motion. The 

45 sensing coils can then be added together as previously 
described to cancel the sensed driven motion and cre- 
ate a resultant signal that is 2 times the induced Coriolis 
deflection which in turn is proportional to flow rate. This 
arrangement eliminates the need for magnet/coil pairs 

50 1 90 and 1 9 1 thereby reducing complexity and cost. 

In addition to the advantages previously described 
pertaining to the embodiment of FIGURE 1 , further ad- 
vantages occur when this embodiment is mounted with- 
in a flow conduit. FIGURE 16 shows the embodiment of 

55 FIGURE 1 mounted within pipe 252 which includes pipe 
connections 253 at its ends thereby forming a short 
"spool-piece" which can easily be mounted in a pipe line. 
In this arrangement flowing fluid 179 passes in the an- 
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nular space between surface 185 and pipe 252. This ar- 
rangement has the advantageous characteristics of re- 
ducing velocity profile effect, reducing the power re- 
quired to measure a given size fluid stream, greatly in- 
creases the practical size limit for which this technology 
can be used, and eliminates pipeline induced stresses, 
as will later be described in detail. 

As an alternate to the embodiment of FIGURES 1 
or 16, a similar configuration can be used whereby the 
fluid flows transversely around the outside of a vibrating 
surface or tube such as in FIGURES 2 through 4. In 
these FIGURES tube 200 is vibrated in at least one radial 
mode of vibration causing deformation into an elliptical 
cross sectional shape, although any radial mode could 
be used. In FIGURES 2 through 4, the alignment of the 
vibratory pattern is shown to be along the X and Y axes 
and therefore aligned with the direction of the transverse 
fluid flow 201 , however, other alignments of the vibratory 
pattern with flowing fluid 201 can also be used. FIGURE 
2 shows tube 200 when it has reached its peak deflec- 
tion in the Y direction. FIGURE 3 shows tube 200 pass- 
ing through its circular shape after being deflected as in 
FIGURE 2, and FIGURE 4 shows tube 200 when it has 
reached its peak deflecting in the X direction. Fluid flow 
201 flowing transverse to the axis of tube 200 changes 
its flow direction slightly as it conforms to the vibratory 
motion of tube 200. One result of this change in direction 
is a rotation 202 of fluid flow 201, which is most pro- 
nounced when tube 200 is passing through its circular 
shape (FIGURE 3) thus having the maximum tube wall 
velocity and causing the maximum fluid rotational veloc- 
ity. The combination of fluid flow 201 and angular rota- 
tion 202 of the fluid flow 201 , results in a Coriolis force 
distribution around the outside of tube 200. FIGURE 5 
shows a resultant Coriolis force distribution 203 that 
could result from this combination of fluid flow and an- 
gular rotation. During the first half of a vibration cycle of 
tube 200, Coriolis force distribution 203, bearing against 
tube 200 would in turn cause a small deflection of tube 
200 similar to that shown in FIGURE 6, where the axis 
of the deflected shape is displaced by some angle 234 
from the axis of the forced vibration. During the second 
half of a vibration cycle of tube 200, the angular veloci- 
ties 202 would reverse causing the sign of the Coriolis 
force distribution 203 to also reverse, in turn causing the 
deformation of tube 200 to be similar to that shown in 
FIGURE 7. The magnitude of the resultant deflections 
shown in FIGURES 6 and 7 will therefore be proportional 
to the magnitude of the mass flow rate of fluid flow 201 . 

In order to utilize this transverse flow arrangement, 
an embodiment similar to that shown in FIGURE 1 could 
be used as an insertion device. FIGURE 8 shows an- 
other transverse flow embodiment in which flow tube 
200 is mounted across the diameter of pipe 205, which 
in turn is mounted between pipe flanges 204, thereby 
forming a short "Spool Piece", which can easily be 
mounted in any pipe line. FIGURE 9 shows an axial view 
(down the axis of pipe 205) of the embodiment of FIG- 



URE 8 showing flange 204 and the transverse mounted 
flow tube 200. FIGURE 10 is a cross sectional view of 
flow tube 200 of the embodiments of FIGURES 8 and 9, 
showing the arrangement of motion drivers and sensors 

5 inside flow tube 200. A detailed explanation of the em- 
bodiment of FIGURE 8 is hereinafter described. 

FIGURE 8 shows pipe 205 mounted in association 
with pipe flanges 204 thereby forming a simple spool 
piece which can easily be mounted in a pipe line. Pipe 

10 205 and flanges 204 are made of steel, stainless steel, 
alloy steel or any material suitable for the conveyance 
of fluids. Feed through 206 mounted on pipe 205 allows 
the conveyance of signal carrier 207 through the wall of 
pipe 205 into the measuring portion of the device while 

15 maintaining a pressure tight sea) between the inside of 
the measuring device and the outer environment. Flow 
tube 200 is transverse mounted across the diameter of 
pipe 205, and is preferably made of stainless steel al- 
though it could be made of any of the materials provi- 
so ously desc ribed for other embodiments. Mounted on the 
inside of flow tube 200 are motion driving magnets 209 
through 214. These motion driving magnets are prefer- 
ably made of samarium cobalt and are mounted to flow 
tube 200 by means of adhesive bonding, brazing, or me- 

25 chanical attachment. Mounted co-axially within flow 
tube 200 is mounting bracket 221 which is used for the 
mounting of motion driving and sensing coils. FIGURE 
8 shows motion driving coils 21 5 through 220 mounted 
on bracket 221 and arranged in association with driving 

30 magnets 209 through 214, respectively. Driving coils 
215 through 220 are electrically connected to an elec- 
tronic circuit, via signal carrier 207. Temperature sensor 
208 is also mounted in association with flow tube 200 
and is electrically connected to an electronic circuit, via 

35 signal carrier 207, and is used to monitor the tempera- 
ture of flow tube 200. The operation of the embodiment 
of FIGURE 8 will hereinafter be described. 

Excitation signals from electronics are conveyed to 
motion driving coils 215 through 220. These signals 

40 therefore cause alternating forces upon motion driving 
magnets 209 through 214. These forces in tum cause 
flow tube 200 to vibrate in at least one and preferably 
two radial modes of vibration. The preferred primary ra- 
dial mode of vibration is the two tobed elliptical mode 

45 similar to that shown in FIGURES 2 through 4, with no 
reversals in cross sectional shape (no nodes) along the 
length of tube 200. The preferred secondary radial mode 
of vibration is a four lobed mode, again with no reversals 
(no nodes) along the length of tube 200. 

50 The arrangement and the number of driving mag- 
nets and coils, and the phasing of the excitation signals 
to these coils can be designed to enhance the desired 
radial modes of vibration while suppressing the excita- 
tion of unwanted vibrations. For example, as a mini- 

55 mum, only one motion driving magnet and coil pair (such 
as 211 and 217, respectively) is necessary to cause the 
requisite radial vibration. However by using another di- 
ametrically opposed motion driving magnet coil pair 
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(21 2 and 218, respectively), a better balanced situation 
is achieved and only alternating opposing forces are ap- 
plied to tube 200 thereby eliminating the excitation of 
any bending modes of vibration. In addition, more mo- 
tion driving magnet coil pairs (209 with 215, 210 with 
216, 213 with 219, and 214 with 220) are used in FIG- 
URE 8 to distribute the driving force along the length of 
tube 200. Further, additional motion driving magnet coil 
pairs (230 with 232, and 231 with 233, of FIGURE 10), 
radially displaced around the circumference of tube 200 
can also be used 

The number and placement of motion driving mag- 
nets and coils around the circumference and along the 
length of tube 200 is determined by the desired radial 
modes to be excited, and the desired distribution of driv- 
ing force along tube 200. For example, if a radial mode 
were chosen for the primary driven mode in which the 
elliptical cross sectional shape reverses once (one 
node) along the length of the tube, then the excitation 
of magnet coil pairs 209 with 215, and 210 with 216, 
would be excited in a 180° phase relationship with mag- 
net coil pairs 21 3 with 21 9, and 214 with 220, while pairs 
211 with 217 and 212 with 218 would not be needed, 
thereby causing one end of tube 200 to be deformed in 
the Y direction (as in FIGURE 2) while the other end of 
tube 200 is deformed in the X direction (as in FIGURE 4). 

Using the preferred two lobed elliptical mode (with 
no reversals), as the primary mode and the 4 lobed 
mode (with no reversals) as the secondary mode, the 
combination of radial vibration and fluid flow causes an 
oscillating Coriolis force distribution similar to that 
shown in FIGURE 5. The oscillating Coriolis force dis- 
tribution in turn causes tube 200 to radially deform into 
shapes similar to those shown in FIGURES 6 and 7, as 
tube 200 passes through its normally (no flow) circular 
cross sectional shape as in FIGURE 3. FIGURE 10 
shows an array of motion sensing magnets 222 through 
225 and their respective motion sensing coils 226 
through 229. These motion sensing magnets and coils 
are radially arranged and displaced from the motion 
driving magnets and coils, by an angle similar to angle 
234 of FIGURES 6 and 7, so as to detect the maximum 
amount of resultant flow induced deflection of tube 200. 

With no flow passing over the outside of tube 200, 
no Coriolis force distribution will result and tube 200 will 
simply vibrate in its primary mode as shown in FIGURES 
2 through 4, and also vibrate in its secondary mode. As 
fluid flow 201 increases around the outside of tube 200, 
and the resultant Coriolis force distribution 203 causes 
tube 200 to deflect as shown in FIGURES 6 and 7, mo- 
tion sensing coils 226 through 229 will detect an increas- 
ing change in the amplitude of vibration at their locations 
proportional to flow rate. If angle 234 is chosen to cor- 
respond to a translational radial node of tube 200 for the 
driven vibration (approximately 45°), then the motion 
signal generated in motion sensing coils 226 through 
229 will be primarily proportional to flow rate 201, and 
will be primarily in phase with the velocity of the Coriolis 



deflection, which is 90° phase displaced from the veloc- 
ity of the forced vibration. In this arrangement the phase 
of the signals produced at the motion sensing coils 226 
through 229 will be substantially invariant with flow rate 

5 except that they will invert (1 80° phase change) for flow 
going in the opposite.direction, thereby allowing for both 
the detection of flow direction, as well as flow rate. 

As an alternate to locating the motion sensing mag- 
nets and coils at an angle 234 which corresponds to a 

10 radial translational node, so that only Coriolis induced 
deflection signals are excited in the motion sensing 
coils, an angle 234 could be chosen which does not cor- 
respond to a radial translational node. If this is done, the 
signals excited in motion sensing coils 226 through 229 

is will then be a combination of the driven motion and the 
Coriolis induced motion. Since these two motions are 
phase displaced from each other by substantially 90°, 
the resultant combination of motions and thus the result- 
ant signals in motion sensing coils 226 through 229 will 

20 have a change in both amplitude and phase compo- 
nents which are proportional to flow rate. To determine 
the flow rate from these combined signals, either a 
change in amplitude or a change in phase measuring 
technique could be used. For example, signals in motion 

25 sensing coils 229 and 227 would be phase or time dis- 
placed from the signals in motion sensing coils 226 and 
228. Therefore by electrically connecting coils 226 with 
228 and coils 227 with 229, two signals can be attained 
which will be phase or time displaced from each other 

30 by an amount which is proportional to mass flow rate. 
Alternately these combined signals can be evaluated for 
their change in amplitude as referenced to the driven 
amplitude. The change in amplitude as referenced to the 
driven amplitude will therefore be functionally related to 

35 the flow rate of the process fluid. 

As described for earlier embodiments, the pressure 
and density of the process fluid can then also be deter- 
mined by evaluating the relationship between the prima- 
ry frequency and the secondary frequency. In addition 

40 the temperature of the fluid will be detected by temper- 
ature sensor 208. The signal from temperature sensor 
208 will be conveyed back to the electronics via signal 
carrier 207, whereby the temperature signal can then 
be used for any requisite compensation or for an output 

45 for customer use. And as previously described, the vis- 
cosity of the process fluid can then also be determined 
by evaluating the power necessary to cause the driven 
vibration. In addition, as previously described for other 
embodiments, the power required to maintain the vibra- 

50 tion of tube 200 is a function of the viscosity of flowing 
fluid 201. Therefore by measuring this power, a signal 
can be created proportional to fluid viscosity which can 
be used by the customer. 

A fundamental difference between the use of radial 

55 modes and bending modes of vibration for causing Co- 
riolis induced deflections of flow tubes with internal fluid 
flow, is that bending modes tend to impart a rotational 
velocity of the entire fluid stream which (except for com- 
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presstbilrty effects) is fairly constant at any point of a 
cross section of the flow tube, while the rotational veloc- 
ity caused by radial modes can vary throughout the 
cross section of the flow tube. 

FIGURE 11 shows a section of a bending mode flow 
tube 235 in which fluid is flowing with a velocity profile 
236 as shown. Since the entire flow tube is rotating 237 
due to a bending mode, the rotational velocity distribu- 
tion 238 at any point through the cross section of tube 
235 will be nearly constant. 

By contrast, FIGURE 1 2 shows a section of a radial 
mode flow tube 239 in which fluid is flowing with a ve- 
locity profile 240 as shown. Since tube 239 is being vi- 
brated in a radial mode, the top surface of tube 239 will 
rotate 241 in the opposite sense as that of the bottom 
surface rotation 242, thereby causing a varying rotation- 
al velocity distribution 243, which varies through the 
cross section of tube 239. 

Since the Coriolis force contribution of each small 
unit of fluid is a function of its mass times its velocity 240 
times its rotational velocity 243, and since these param- 
eters can vary as a function of position within the flow 
tube, radial mode flow meters can have a dependency 
on the velocity profile 240 of the fbwing fluid. In many 
cases, especially in gasses and in low viscosity fluids, 
the velocity profile will be nearly constant and can there- 
fore be neglected or compensated for by using a simple 
mathematical relationship with the fluids temperature, 
flow rate, viscosity, etc. In higher viscosity fluids, or 
where upstream disturbances have caused an irregular 
velocity profile, other methods for determining and/or 
modifying the velocity profile of the fluid and thereby al- 
lowing for the compensation of any errors caused by ve- 
locity profile are hereinafter described. 

As was earlier described for other embodiments, 
the flow rate, pressure, and density of a flowing fluid can 
be determined by the use of two simultaneous radial 
modes of vibration on a flow tube. It has also been stated 
that either of the two modes of vibration can be used to 
measure flow rate since either mode of vibration in com- 
bination with mass flow rate, will cause Coriolis induced 
deflections of the tube wall, which can be measured. A 
unique consequence of using two radial modes of vibra- 
tion is that the resultant rotational velocity distribution 
(243 of FIGURE 12) will be different for different radial 
modes of vibration, therefore giving rise to a unique 
method whereby the effects of velocity profile changes 
can be determined and compensated for. 

FIGURE 1 3 is a plot of two typical flow velocity pro- 
files 244 and 245 which represent parabolic and "plug" 
flow, respectively. The area under velocity profiles 244 
and 245 are scaled to be the same therefore represent- 
ing the same mass flow rates. FIGURE 14 is a pbt of 
the rotational velocity distributions 246 and 247, which 
could be caused by the primary radial mode and the sec- 
ondary radial mode, respectively. In this example, rota- 
tional velocity distribution 246 is a second order curve 
while 247 is a third order curve, and the precise curves 



for any given design will depend on, among other things, 
the geometry and on the chosen modes of primary and 
secondary vibration. 

The Coriolis force contribution of any part of the fluid 

5 is therefore the product of the mass times the flow ve- 
locity times the rotational velocity. FIGURE 15 shows 
four plots of resultant Coriolis force distributions. Corio- 
lis force distributions 248 and 249 would result from par- 
abolic velocity profile 245 times rotational velocity dis- 

10 tributions 246 and 247, respectively, while Coriolis force 
distributions 250 and 251 would result from velocity pro- 
file 244 times rotational velocity distributions 246 and 
247, respectively. Since the mass flow rates represent- 
ed by velocity profiles 244 and 245 are the same, the 

15 final resultant flow measurement signals need to be the 
same. 

The total Coriolis force for velocity profile 244 would 
be represented by the area under curves 250 (for the 
primary mode) and 251 (for the secondary mode), and 

20 the total Coriolis force for velocity profile 245 would be 
represented by the area under curves 248 (for the pri- 
mary mode) and 249 (for the secondary mode). Visual 
inspection of FIGURE 15 shows that the area under 
each curve is different and will therefor produce different 

25 amounts of tube wall deflection with different flow veloc- 
ity profiles even though they represent the same mass 
flow rates. 

By measuring the flow rate independently with each 
of the two driven modes of vibration, a compensation 

30 signal can be created, functionally related to the two in- 
dependent flow results, and can be used to eliminate 
errors in either flow signal caused by changing velocity 
distribution. For this example the ratio of the resultant 
flow signals produced by the primary and the secondary 

35 modes, raised to the third power, is a number which can 
then be multiplied by either one of the two flow signals 
to produce a result which is nearly constant for constant 
mass flow rates during large variations in velocity profile. 
The precise mathematical compensation neces- 

40 sary will depend on, among other things, the design of 
the meter and the chosen modes of primary and sec- 
ondary vibration. Therefore, many different mathemati- 
cal relations can be created from the two flow signals 
and used to compensate the final result for errors 

45 caused by changing velocity profiles. 

For still higher accuracy, three or more modes of 
vibration could be used, and more complex compensa- 
tion factors can be created from the basic phase or am- 
plitude measurement from each mode of vibration. 

50 Other methods of compensating for the effects of 
velocity profile include calibrating the device with known 
flow rates, and determining the characteristic output 
curve for the device. This characteristic output curve can 
then be loaded into the memory of a microprocessor 

55 (look up table), and then used to compensate or linear- 
ize the resultant output signal for any effects caused by 
velocity profile. Mathematical relations based on Rey- 
nolds number, viscosity, temperature, density, etc. can 
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also be used in compensation factors to corrects for any 
undesired non linear effects. 

As a further improvement on the embodiment of 
FIGURE 1, a similar embodiment can be located within 
a pipe or spool-piece to confine the fluid flow 1 79 in the s 
annular space between vibrating surface 185 and pipe 
252 as shown in FIGURE 16. In this arrangement, a 
spool-piece would be formed by the combination of pipe 
252 and flanges 253. One additional benefit of the em- 
bodiment of FIGURE 16 is that effects due to variations 10 
in the velocity profile are greatly reduced. As was just 
described, the net Coriolis force resulting from flow rate 
can be influenced by changes in the velocity profile. This 
sensitivity to velocity profile is exacerbated by the ge- 
ometry of the angular velocity profile (243 of FIGURE *5 
12) since it passes through zero in the middle of the 
tube. By shifting the geometry of the angular velocity 
profile (243 of FIGURE 12) so that the zero point is 
moved toward one side or eliminated, any velocity pro- 
file effect will be greatly reduced or eliminated. Several 20 
methods of modifying the angular velocity gradient and 
thereby reducing or eliminating velocity profile effect will 
now be described. 

FIGURE 17 is a drawing of an embodiment utilizing 
a flow conduit similar to that of several previously de- 25 
scribed embodiments, with the addition of a flow condi- 
tioner 262 in the flow stream to change the shape of the 
angular velocity profile 264 from having a zero point in 
the center of the fluid stream. In this embodiment, flow 
conditioner 262 is a stainless steel tube in the shape of 30 
a cylinder with rounded ends, suspended in the center 
of the vibrating flow tube 260 by supports 263 which are 
thin blades designed to rigidly hold flow conditioner 262 
without disturbing the fluid flow 266. Flow tube 260 is 
instrumented with motion driver/sensors 254 through 35 
259, and is vibrated in at least one and preferably two 
radial mode of vibration as previously described for oth- 
er embodiments to both measure the flow rate and to 
determine the pressure and density of the flowing fluid. 
FIGURE 17 shows the vibration of the tube 260 as the 40 
top and bottom surfaces of tube 260 are moving away 
from each other. At this time the flowing fluid 266 con- 
forms to the deforming shape of tube 260 and thereby 
is caused to angularity rotate 265 about an axis perpen- 
dicular to the flow direction. The magnitude of angular 
rotation 265 will be a maximum at the moving surface 
of tube 260 and zero at the surface of flow conditioner 
262 thereby describing an angular velocity gradient 264. 
Since this angular velocity gradient 264 does not pass 
through a zero value in the center of the tube (as did the so 
gradient 243 of FIGURE 12). fluid velocity profile 266 
can experience large changes in shape (especially sym- 
metrical changes) without significantly altering the re- 
sultant Coriolis forces thereby greatly improving the per- 
formance of the device under conditions where fluid ve- ss 
locity profiles are changing. 

FIGURE 18 incorporates all the elements of FIG- 
URE 17 and additionally provides for vibrational cou- 



plings 269 between flow tube 260 and flow conditioner 
262. In addition, flow conditioner 262 is designed to be 
flexible so that the vibration of the flow tube 260 is trans- 
mitted to flow conditioner 262 so that its motion is similar 
to that of flow tube 260. The advantage of this arrange- 
ment is that with flow conditioner 262 vibrating in a sim- 
ilar fashion to that of flow tube 260, the angular velocity 
profile 267 of the flowing fluid 266 will be substantially 
constant thereby eliminating any velocity profile effect 
completely. In this embodiment, vibrational coupling 269 
can be mechanical connections arranged to transmit the 
vibration of the flow tube 260 into flow conditioner 262. 
Other means for coupling the vibration include metal 
strips, wires, magnetic fields, and the coupling afforded 
by the flowing fluid 266. With fluids that are highly in- 
compressible such as liquids, the fluid itself would pro- 
vide adequate vibrational coupling. 

FIGURE 19 is similar to that of FIGURE 16 with the 
addition of an outer case 270, and magnet/coil pairs 271 
through 276. In this embodiment, surface 1 85 is excited 
in at least one radial mode as previously described to 
measure the flow rate. In addition, tube 252 can also be 
excited in another mode of vibration to simultaneously 
measure the flow rate using a mode of vibration at a dif- 
ferent frequency than that of surface 185. In this ar- 
rangement the frequency of tube 252 would increase 
with pressure while that of surface 185 would decrease 
with increasing pressure, and both frequencies would 
decrease with increasing density, thereby allowing for 
far more precise pressure and density determinations 
than with other embodiments. In addition, the dual 
measurement methods previously described to deter- 
mine and compensate for velocity profile can easily be 
implemented using the vibration on surface 185 and that 
on tube 252. In addition, surface 185 acts as a flow con- 
ditioner and thereby reduces velocity profile effect as 
previously described. Since the diameter of surface 185 
can be small in relation to tube 252, the embodiment of 
FIGURE 16 will be much less expensive, and will use 
less power than one where the outer tube 252 is vibrat- 
ed. This attribute becomes more important as meter siz- 
es increase since cost and fabrication difficulty increas- 
es greatly with pipe size. In addition, as previously de- 
scribed for other embodiments, the power required to 
maintain the vibration of surface 185 or tube 252 is a 
function of the viscosity of flowing fluid 179. Therefore 
by measuring this power, a signal can be created pro- 
portional to fluid viscosity which can be used by the cus- 
tomer. 

The use of dual vibration modes has previously 
been described for measuring pressure and density and 
in the measuring and compensation for velocity profile 
effects. Both radial and bending modes of vibration have 
been described for these purposes, in addition to the 
use these types of vibration modes, torsional modes of 
vibration can be used for the secondary mode of vibra- 
tion for the determination of pressure and density using 
methods previously described.. The advantage of using 



10 



19 



EP 0 867 694 A1 



20 



a torsional mode of vibration as the reference mode to 
be used in conjunction with the primary radial mode for 
the determination of pressure and density is that the 
change in frequency of torsional modes of vibration due 
to changes in pressure and density is significantly dif- 
ferent than that for either radial or bending modes there- 
by allowing for improved density and pressure determi- 
nations. 

From the above, it is apparent that the present in- 
vention provides an apparatus for measuring attributes 
of a fluid comprising: (1 ) a body capable of being insert- 
ed into and surrounded by the fluid, (2) means, disposed 
within the body, for vibrating a surface of the body in a 
radial mode of vibration, the vibrating surface develop- 
ing Coriolis forces within the fluid, (3) means, coupled 
to the surface, for measuring motion of the surface, the 
motion being a function of Coriolis forces developed in 
the fluid and (4) means, coupled to the measuring 
means, for determining an attribute of the fluid as a func- 
tion of the motion of the surface. 

Although the present invention and its advantages 
have been described in detail, it should be understood 
that various changes, substitutions and alterations can 
be made herein without departing from the spirit and 
scope of the invention as defined by the appended 
claims. 



Claims 

1 . An apparatus for measuring an attribute of a fluid in 
a flow conduit, comprising: 

means for inducing a radial mode vibration in 
said conduit, said radial mode vibratbn causing 
deformation of said conduit; means for measur- 
ing a change in said deformation; and 
means for modifying an angular velocity gradi- 
ent of said fluid in said conduit, said modifying 
means positioned within said conduit. 

2. The apparatus as recited in Claim 1 further compris- 
ing means for coupling a vibration of said conduit to 
a vibratbn of said modifying means to thereby 
cause said modifying means to vibrate in relation to 
said radial mode vibration. 

3. The apparatus as recited in Claim 1 wherein said 
inducing means vibrates said conduit in two radial 
modes of vibration. 

4. The apparatus as recited in Claim 1 wherein said 
measuring means measures a change in phase of 
said deformation of said conduit. 

5. The apparatus as recited in Claim 1 wherein said 
measuring means measures a change in amplitude 
of said deformation of said conduit. 



6. The apparatus as recited in Claim 1 wherein said 
fluid flows along a longitudinal axis of said body. 

7. The apparatus as recited in Claim 1 wherein said 
* fluid flows abng a transverse axis of said body. 

8. The apparatus as recited in Claim 1 wherein said 
attribute is a mass flow rate of said fluid. 

io 9. The apparatus as recited in Claim 1 wherein said 
attribute is a pressure of said fluid. 

10. The apparatus as recited in Claim 1 wherein said 
attribute is a density of said fluid. 

15 

11. The apparatus as recited in Claim 1 wherein said 
attribute is a viscosity of said fluid. 

1 2. The apparatus as recited in Claim 1 further compris- 
20 ing; 

an inlet manifold affixed to an end of said con- 
duit; and 

an outlet manifold affixed to an opposite end of 
25 said conduit. 

13. The apparatus as recited in Claim 1 further compris- 
ing: 

30 a pressure-tight case, integral with said con- 

duit, defining a pressure-tight chamber about 
said conduit, said chamber containing a pre- 
scribed amount of pressure. 

35 14. The apparatus as recited in Claim 13 further com- 
prising: 

an inlet manifold affixed to an end of said con- 
duit and defining a first wall of said press ure- 
40 tight chamber; and 

an outlet manifold affixed to an opposite end of 
said conduit and defining a second wall of said 
pressure-tight chamber. 

45 15. The apparatus as recited in Claim 14 wherein said 
pressure-tight case reduces axial stress on said 
conduit. 

16. The apparatus as recited in Claim 1 further compris- 
so jng: 

a first temperature sensor in thermal communi- 
cation with an interior of said conduit; and 
a second temperature sensor in thermal com- 
55 munication with an exterbr of said conduit. 

17. The apparatus as recited in Claim 1 further compris- 
ing means for isolating vibration associated with 
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said conduit to a selected portion of said conduit. 

18. A method of measuring a mass flow rate of a fluid 
in a flow conduit, comprising the- steps of: 

inducing a radial mode vibration in said conduit, 
said radial mode vibration causing deformation 
of said conduit; and 

measuring a change in said deformation by 
means of a single sensor; and 
modifying an angular velocity gradient of said 
fluid in said conduit with a means for modifying 
positioned within said conduit. 

19. The method as recited in Claim 18 further compris- 
ing the step of coupling a vibration of said conduit 
to a vibration of said modifying means to thereby 
cause said modifying means to vibrate in relation to 
said radial mode vibration. 

20. The method as recited in Claim 18 wherein said in- 
ducing means vibrates said conduit in two radial 
modes of vibration. 

21 . The method as recited in Claim 1 8 wherein the step 25 
of measuring comprises the step of detecting mo- 
tion with a motion detector located along a length 
of said conduit. 

22. The method as recited in Claim 21 wherein said 30 
change is determined by measuring a change in 
amplitude of said motion sensed by said motion de- 
tector. 

23. The method as recited in Claim 18 further compris- 35 
ing the steps of: 

sensing a first temperature of an interior of said 
conduit; and 

sensing a second temperature of an exterior of #> 
said conduit. 

24. The method as recited in Claim 18 further compris- 
ing the step of applying a prescribed amount of 
pressure between a pressure-tight case surround- 45 
ing said conduit and said conduit. 
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